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PhotosystemThe response of the heat-sensitive dgd1-2 and dgd1-3 Arabidopsis mutants depleted in the galactolipid DGDG
to photoinhibition of chloroplasts photosystem II was studied to verify if there is a relationship between heat
stress vulnerability due to depletion in DGDG and the susceptibility to photoinhibitory damage. Non-
photochemical quenching (NPQ) is known to dissipate excessive absorbed light energy as heat to protect
plants against photodamage. The main component of NPQ is dependent of the transthylakoid pH gradient
and is modulated by zeaxanthin (Zx) synthesis. These processes together with chlorophyll ﬂuorescence in-
duction were used to characterize the response of the genotypes. The mutants were more sensitive to photo-
inhibition to a small extent but this was more severe for dgd1-3 especially at high light intensity. It was
deduced that DGDG was not a main factor to inﬂuence photoinhibition but other lipid components could af-
fect PSII sensitivity towards photoinhibition in relation to the physical properties of the thylakoid membrane.
This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability: from Natural to
Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Abiotic stresses, singly or in combination, result in both general
and speciﬁc detrimental effects on plant growth and development.
A variety of distinct abiotic stresses exist, such as availability of
water (drought, ﬂooding), extreme temperature (chilling, freezing,
heat), salinity, heavy metals, and photon irradiance (UV-B) [1,2].
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rights reserved.source through the process of photosynthesis. However, photoinhibi-
tion effects are observed when light energy exceeds the photosyn-
thetic capacity. Photoinhibition is deﬁned as a light-induced decline
in photochemical activity. This occurs mainly in photosystem II
(PSII) although photoinhibition of photosystem I (PSI) has also been
reported in some species [3–6]. Over reduction of the electron trans-
port chain results in the generation of large amounts of reactive oxy-
gen species, such as superoxide anion radicals or/and singlet oxygen
that are responsible for damage [7]. Plants reduce the harmful effects
by dissipating the excess energy as heat in a process called non-
photochemical quenching of Chl ﬂuorescence (NPQ). With NPQ, exci-
tation energy of Chl molecules in the antennae is dissipated as heat
(thermal dissipation) and not transferred to the reaction center [8].
The PSII antenna is therefore a highly dynamic complex that is able
to collect and transfer the light energy and then tune the amount of
excitation delivered to the PSII reaction center to respond to the
physiological need of the plant [9]. Three basic mechanisms, state
transitions [10], the energy or pH-dependent mechanism [9,11],
and photoinhibition [3,12], give rise to the three components of
non-photochemical quenching of Chl ﬂuorescence: qT, qE, and qI,
respectively.
The qT mechanism balances the excitation of the two photosys-
tems by reversible phosphorylation of a mobile pool of light harvest-
ing complex II and is important under non-saturating light intensities
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synthesis and develops upon prolonged exposure of leaves to highly
excessive light stress conditions [14]. The nature of qI is not clear. In
part, qI is caused by an inactivation of the D1 protein in the PSII reac-
tion center [3] which is necessary for the assembly of the active PSII
complex, but also zeaxanthin (Zx) seems to be involved in qI forma-
tion [15,16]. The qETR mechanism represents the dominating NPQ
component under moderate light stress condition and is referred to
energy dissipation processes generated by the energization of the
thylakoid membrane [17]. qETR is suggested to be based on energy
dissipation in the antenna of PSII and represents an efﬁcient mecha-
nism to reduce the electron pressure on the photosynthetic electron
transport chain at saturating light intensities. This process is moni-
tored by the synergistic action of the lumen pH, xanthophylls binding,
and conformational changes in the antenna of PSII [18]. As reported in
recent studies, generation of the maximum qETR essentially requires a
lumen pH below 6 [19,20], de-epoxidized xanthophylls [21], the PsbS
protein [22], and other antenna proteins of PSII [23,24]. The pH regu-
lation of qETR allows a ﬂexible and rapid switch of the function of the
PSII antenna between light harvesting and energy dissipation upon
rapidly changing light conditions. The PsbS protein of the PSII has
been proposed to act as sensor of the lumen pH [25,26] and to be
the site of energy dissipation [11].
Photoinhibition can be probed by measuring photosynthetic elec-
tron transport as oxygen exchange or Chl a ﬂuorescence both of
which reﬂect the electron transfer through the photosystems [27].
Such measurements have shown strong correlations between photo-
inhibition and the inactivation of the D1 reaction center polypeptide
of PSII which binds plastoquinone QB, the secondary quinone acceptor
[28].
Photosystem II represents the ﬁrst target of excessive light. Two
mechanisms of photoinhibitory damage have been suggested [29].
Acceptor side photoihibition due to over-reduction of the primary
quinone acceptor, QA, occurs when the electron ﬂow between QA−
and QB is curtailed. The other mechanism of the photoinhibitory dam-
age is related to donor side inhibition. In this case, electron transfer
from Tyrz– is either interrupted or not coordinated with the electron
release from Pheo−. PSII, is irreversibly damaged when long-lived,
highly oxidizing radicals such as Tyrz– and P680+ are accumulated
as a result of delayed electron donation from Pheo− to QA [30,31]. Re-
cent studies have shown that interruption of the Calvin cycle [32–34]
and inhibition of electron ﬂow between QA and QB [35,36] may have
no direct effect on the rate of photodamage to PSII, but provoke inhi-
bition of the repair of photodamaged PSII due to suppression of the de
novo synthesis of PSII proteins [36]. The photodamge to PSII primarily
occurs at the PSII donor side, particularly, at the manganese cluster of
the oxygen-evolving complex (OEC) through a direct photoexcitation
of manganese [37]. Photodamage at the donor side of PSII can cause a
release of the manganese ions from the oxygen-evolving complex,
suggesting that disruption of the manganese cluster upon perception
of light might be a primary event in photodamage [32,38].
Arabidopsis dgd1 mutants are deﬁcient in one of the major acyl
lipids of the thylakoid membrane, DGDG. In the dgd1-1 mutant, a
stop codon in the region of DGD1 leads to a complete inactivation of
the DGD1 gene [39]. This gene encodes the DGDG synthase 1 involved
in the main reaction of DGDG biosynthesis. The resulting mutant
(dgd1-1) is deﬁcient in DGDG by more than 90% [39,40]. The dgd1-1
mutant is strongly limited in its growth and development. This may
be due to its reduced capacity of intersystem electron transport and
impaired PSI function [41]. Conversely, the more recently described
dgd1-2 and dgd1-3 mutants are depleted in DGDG by only 30–40%
[42] and are able to grow almost as the WT plants under normal
growth conditions. These mutants are derived from atts0 (dgd1-2)
and atts100/atts104 (dgd1-3) where Ala361 is replaced by Val and
Gly501 by Glu, respectively, in DGD synthase 1 [42]. Chen and co-
workers [42] demonstrated that the mutants are defective in basalthermotolerance as measured by cotyledon development. The afore-
mentioned was reﬂected in the functional aspects of the light reac-
tions of photosynthesis [43].
As the plant responses to abiotic stresses are often interrelated, in
the present work we have analyzed the response of the dgd1-2 and
dgd1-3 mutants to the photoinhibition process to verify if there is a
relationship between heat stress vulnerability due to depletion in
DGDG and the susceptibility to photoinhibitory damage. WT and
pgr5 were used as references, since the response of these two pheno-
types to moderate and high light has been previously characterized
[19,24,44,45]. The Arabidopsis mutant, pgr 5 (proton gradient regula-
tion) is known for its high chlorophyll ﬂuorescence due to a reduced
level of thermal dissipation associated with deﬁciencies in lumen
acidiﬁcation Electron transport through PSII was evaluated using Chl
ﬂuorescence induction together with various Chl ﬂuorescence param-
eters and NPQ measurements. The impact of moderate and high light,
under room temperature conditions (23 °C), on the PSII function of
Arabidopsis thaliana mutants deﬁcient in DGDG is presented here.
2. Materials and methods
2.1. Plant growth conditions
Arabidopsis ecotypes, wild type and mutants (pgr5, dgd1-2 and
dgd1-3) were used in the present study. Arabidopsis seeds were
sown into soil (Promix, Premier Horticulture Ltee/Ltd, Rivières-du-
Loup, Canada) and were pre-treated at 4 °C for 3–4 days to promote
germination. They were then transferred to the growth chamber at
22/18 °C (day/night) with a 16-h photoperiod at a photon ﬂux densi-
ty of 100 μmol m−2 s−1 and 75% humidity. Water and nutrients were
routinely added to prevent any growth limitation. Mature, healthy
and non-senescent rosette leaves from 6 to 7 week-old plants were
used for light stress treatments.
2.2. Photoinhibitory treatments
The adaxial surface of themature leaves of Arabidopsis thalianawere
exposed at room temperature (23 °C) to different white irradiation
(ranging from 300 to 2000 μmol m−2 s−1). Control leaves of each ge-
notype were exposed to irradiation of 100 μmol m−2 s−1 for the
same time (15 min). The light beam was passed through cold water to
avoid heat-induced damages. Subsequently, leaves were dark adapted
for 15 min before Chl ameasurements.
2.3. Chl a ﬂuorescence transients
Chl a ﬂuorescence was recorded at room temperature using a plant
efﬁciency analyzer (PEA, Hansatech, King's Lynn, Norﬂok). The array of
red light peaking at 650 nm from six light-emitting diodes at intensity
1800 μmol m−2 s−1 was used to excite the adaxial surface of leaves.
The Chl a ﬂuorescence signals were recorded for a period of 5 s with
data acquisition rate of 10 μs for the ﬁrst 2 ms and 1 ms for the rest of
the period. The ﬂuorescence signal at 50 μs, the earliest measurement
free of any artefacts related to the electronics of the instrument [46]
was considered as F0.
2.4. Non-photochemical quenching and quantum yield of PS II
measurements
Non-photochemical quenching of the absorbed energy was mea-
sured with a dual-modulated ﬂuorometer, FL-3500 equipped with
Leaf-Clip (Photon Systems Instruments, Brno, Czech Republic). Dark-
adapted or pre-illuminated leaves were placed in the measuring com-
partment of the leaf clip. Fluorescence was evaluated following low-
intensity measuring ﬂashes of 4 μs (λ=455 nm). Leaves were exposed
for 600 s of actinic light with 125 μmol of photon ﬂux density provided
Fig. 1. Original traces of the Chl a transients showing the ﬂuorescence rise from F0 (O),
the initial ﬂuorescence level to its maximum, Fm (P), with intermediate steps of J and I
from the adaxial surface of the dark-adapted Arabidopsis leaves of WT and mutants
(pgr5, dgd1-2 and dgd1-3). Leaves of each genotype were exposed to light intensity
(ranging from 300 to 2000 μmol m−2 s−1) for 15-min then dark-adapted for another
15-min before ﬂuorescence measurements were taken. Control leaves were exposed
to light intensity of 100 μmol m−2 s−1. For more details see Materials and methods
section.
Fig. 2. Chl a ﬂuorescence transients obtained from dark-adapted WT, pgr5, dgd1-2 and
dgd1-3 leaves (adaxial surface) incubated at room temperature and exposed to white
light ranging from 100 (control) to 2000 μmol m−2 s−1 for 15-min followed by dark
adaptation for 15-min as in Fig. 1 but normalized at both initial and maximal intensi-
ties. The ﬂuorescence intensity at J increases with light intensity.
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period of 300 s. Strong light pulses (1500 μmol m−2 s−1, λ=625 nm)
of 1-s were given periodically to assess the maximal ﬂuorescence level
during dark–light–dark transitions.
Minimum ﬂuorescence (F0) was obtained with open PSII centers
in dark-adapted or photoinhibited leaves. A saturating pulse of
white light (900 ms, 1500 μmol m−2 s−1) was applied to determine
the maximum ﬂuorescence with closed PSII centers in the dark
adapted state (Fm) and during actinic illumination (F′m). The
steady-state ﬂuorescence level (Fs) was recorded during AL illumina-
tion (125 μmol m−2 s−1). Fv/Fm=(Fm−F0)/Fm represents the maxi-
mum quantum yield of PS II. NPQ was determined as (Fm−F′m)/F′m
[47,48]. Vt curves were calculated according to the following equa-
tion: Vt=[(Ft−F0)/Fm−F0)] [49].
For treatment with DTT, leaves were vacuum inﬁltrated during 10-
min in the dark with water containing 5 mM DTT. After inﬁltration,
leaves were incubated in the same solutions for supplementary 15
to 20 min in the dark. The error bars were obtained from the standard
errors values, which were derived from the standard deviation
calculation.
3. Results
3.1. Chl a ﬂuorescence rise kinetics
Arabidopsis leaves were incubated at room temperature for 15 min
under white light ranging from 100 (control) to 2000 μmol m−2 s−1
followed by 15-min incubation in the dark before ﬂuorescence mea-
surements (see Materials and methods for details). For all genotypes
used, the extent of ﬂuorescence signal occurring on the adaxial surface
of the leaves raised from the initial ﬂuorescence level, F0, to the max-
imum P-level (Fm) with the intermediate steps J and I. This polyphasic
rise to J-, I-, and P-levels occurred at the time scale of 2, 20–30, and
200 ms, respectively [49–51].
Irradiationwithmoderate and high light intensities at ambient tem-
perature strongly affected the ﬂuorescence rise (Fig. 1). Chl ﬂuores-
cence progressively declined in all phases (OJIP) as pre-illumination
increased in intensity. At the highest intensities, the IP phase was abol-
ished. Light of 2000 μmol m−2 s−1 is considered as photoinhibitory in-
tensity for Arabidopsis leaves. This is clear from the almost complete
damping of the Chl a ﬂuorescence phases.
In Fig. 2, the FI traces are normalized at both minimal andmaximal
values (Vt curves). From these curves, it is clear that light treatments
enhanced the ﬂuorescence intensity at the J-step. A similar increase
at J-step was also observed in previous studies on the interaction of
polyamines with PSII submembrane fractions isolated from spinach
[52] and on the effect of iron deﬁciency in lettuce plants. This increase
OJ rise was explained by a retarded QA− re-oxidation by QB. This sug-
gests that Q−A re-oxidation was delayed in parallel with an increase
in the light treatment. A faster OJ rise was observed in the Vt curves
of all Arabidospsis genotypes exposed to 1000 and
2000 μmol m−2 s−1 but to a different degree. According to this effect
at the J-step, the dgd1-3 mutant was more sensitive, after pgr5, to
strong light than the dgd1-2mutant (Fig. 2).
3.2. Response of photosynthetic parameters to light treatment
The initial Chl ﬂuorescence F0 is an indicator of the openness of
the PSII reaction centers in the dark and therefore, deﬁnes the func-
tional state of PSII. Fig. 3A shows that moderately high light intensi-
ties (below 1000 μmol m−2 s−1) do not inﬂuence F0 considerably
(Fig. 3A). Above 1000 μmol m−2 s−1 we observed a clear increase
in F0 values in pgr5 (Fig. 3A). This increase was less pronounced in
WT and in galactolipid mutants (dgd1-2 and dgd1-3).
The ratio of variable to maximum total ﬂuorescence, Fv/Fm,
represents the quantum yield of the photochemical reaction in PSII.Fv/Fm weakly declined up to a photoinhibitory irradiation of
1000 μmol m−2 s−1 (Fig. 3B). This is in line with a previous report in-
dicating that a light intensity of 1000 μmol m−2 s−1 is apparently not
photoinhibitory to the photosynthetic electron transport chain in
Arabidopsis [45]. However, Fv/Fm is greatly inﬂuenced by F0 changes.
As F0 increased under photoinhibition treatment (Fig. 3A), the param-
eter Fv/F0 can be used for a proper evaluation of the PSII quantum
Fig. 3. Light dependent of changes in F0 (A) , Fv/Fm (B), Fv/F0 (C) detected at the adaxial sur-
face of the leaf of WT (●), pgr5 (○), dgd1-2 (□), and dgd1-3 (Δ). Leaves of each genotype
were exposed for 15-min to light intensity (ranging from 300 to 2000 μmol m−2 s−1) at
room temperature than dark-adapted for 15-min before ﬂuorescence measurements. The
values are means (±SE) frommeasurements of Arabidopsis leaves (n=22).
Fig. 4. A, NPQ formation in dependence on the actinic light intensity. Leaves from 6 to
7-week-old Arabidopsis wild type previously dark adapted for at least 2 h were illumi-
nated for 10-min at different light intensities ranging from 20 to 650 μmol m−2 s−1
followed by dark recovery for 5 min (for more details see Materials and methods sec-
tion). Mean values (±SE) of 6 to 8 measurements are shown.
Fig. 5. NPQ formation in different Arabidopsis genotypes. A, the dynamics of the tran-
sient NPQ were determined in dark-adapted wild type and mutants. B, the effect of
5 mM dithiothreitol (DTT) on the NPQ formation. Uptake of inhibitor was performed
by vacuum inﬁltration. During NPQ measurements, leaves were illuminated at a light
intensity of 125 μmol m−2 s−1 for 10-min and recovered for 5 min. Mean values
(±SE) of 8 measurements are shown.
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steeper (Fig. 3C) if compared with Fv/Fm (Fig. 3B) and corresponded
better with the extent of total ﬂuorescence decline seen in Fig. 1.
The data in Fig. 3C shows that the photoinhibitory action started
even with the lowest intensities used as also seen in Fig. 1. A decline
in Fv/F0 reached the maximum of 78%, 80%, 85%, and 87% in Arabidop-
sis WT, dgd1-2, dgd1-3, and pgr5, respectively after 15 min exposure
to 2000 μmol m−2 s−1. Only about 15–20% of the total fraction of
PSII reaction centres remained functional after 15 min exposure to
2000 μmol m−2 s−1.
3.3. Light dependence of NPQ formation
The time course of NPQ formation in dark adapted wild type
Arabidopsis plants is shown in Fig. 4. The dynamics of the generation
and relaxation of NPQ was strongly dependent on the light intensity.
At low light intensities, in the range of 20 to 170 μmol m−2 s−1, NPQ
was only transiently generated, reaching a maximum after about 30
to 70 s and relaxing slowly to a low steady-state within 200 s. At
highest light intensities (375–650 μmol m−2 s−1), which can be as-
sumed to be sufﬁcient to saturate photosynthetic electron transport
in plants grown under 100 μmol m−2 s−1, a more stable and growing
steady-state value of NPQ was reached after about 250 s. This steady-
state NPQ has been assigned to energy dissipation processes in the
PSII antenna [9]. The only transient appearance of NPQ with the
lower light intensities is justiﬁed by the generation and breakdownof the transthylakoid proton gradient at non-saturating light intensi-
ties [54].
Fig. 5A shows the time course of NPQ at 125 μmol m−2 s−1 for
10 min and, subsequently, followed by 5-min dark recovery. NPQ
reached a maximum after about 32 s of illumination in all mutants,
this is 25 s before the maximal NPQ in wild type that was reached at
about 57 s. In dark-adapted plants, qETR formation in pgr5 was very
weak (Fig. 5A). This is explained by the known limitation in the capac-
ity of lumen acidiﬁcation [20], which leads not only to a reduced pH
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Zx [45]. In dark-adapted plants, qETR of dgd1-3 was reduced to about
70% of thewild type level, while in the dgd1-2mutant, a slightly higher
qETR was determined in comparison with the wild type (Fig. 5A).3.4. Effect of DTT on the NPQ formation in leaves
Among the factor sharing the responsibility in the formation of
qETR, lumen acidiﬁcation was crucial and qETR could be abolished
completely in all Arabidopsis genotypes by incubation with nigericin
(data not shown). To gain more insight about the role of Zx in the
transient NPQ formation, we eliminated the Zx synthesis by incuba-
tion with dithiothreitol (DTT) (Fig. 5B). A strong reduction of NPQ for-
mation was observed in all the considered genotypes (compare scales
of Fig. 5A and B). The remaining fraction of NPQ was generated by
ΔpH. In dgd1-2 and dgd1-3 treated with DTT, the maximal level of
NPQ keep values lower but nearby that of the WT compare to NPQ
in pgr5 that was much lower.3.5. Effect of irradiation on NPQ evolution in wild type
The effect of irradiation on the dissipation of excess light energy as
heat was followed as the time course of NPQ dynamics under differ-
ent pre-illumination conditions of WT leaves (Fig. 6A). The maximal
NPQ value was observed earlier in photoinhibited samples (32 s com-
pare to 57 s) and increased at 1000 μmol m−2 s−1. NPQ declined at
2000 μmol m−2 s−1 presumably due to a decreasing capacity for
ΔpH formation in strongly photoinhibited leaves.Fig. 6. A, Time course of NPQ formation in pre-illuminated (photoinhibited) Arabidopsis
wild type. Leaves either dark-adapted or exposed for 15-min at light intensities ranging
from 300 to 2000 μmol m−2 s−1 at room temperature and subsequently dark adapted
for 15-min (to allow relaxation of qE without pronounced epoxidation of Zx) were
used for NPQ measurements. NPQ measurements were performed at a light intensity
of 125 μmol m−2 s−1 for 10 min and recovered for 5 min as shown. Mean values
(±SE) of 6 to 8 measurements were taken. B, NPQ formation in Arabidopsis pheno-
types pre-illuminated with intensity of 1000 μmol m−2 s−1.3.6. Comparison of the dynamics of NPQ in Arabidopsis wild type and
mutants
Fig. 6B show the evolution of NPQ as function of time in
Arabidopsis wild type and the three mutants pre-illuminated for
1000 μmol m−2 s−1 for 15-min. No signiﬁcant difference was ob-
served in the generation and relaxation kinetics of NPQ between
photoinhibited Arabidopsis WT and DGDG mutants (dgd1-2 and
dgd1-3) but there was a clear difference in the level of qETR reached
for pgr5 where it was nearly abolished. All genotypes reached their
maximal NPQ value at about 32 s and, apart from pgr5, a similar
maximal value of about 1.1 was reached.
4. Discussion
In this study, the dgd1-2 and dgd1-3 mutants deﬁcient in basal
thermotolerancewere exposed to strong illumination. It was observed
from Figs. 2 and 3 that the dgd1-3 mutants were more sensitive than
WT to photoinhibition but certainly not as sensitive as the pgr5 mu-
tant known for its sensitivity to stress [19,44,55]. The dgd1-2mutants
were not so much more sensitive compare to WT. In fact, only pgr5 as
shown a signiﬁcant increase of Fo associatedwith a reduced functional
state of PSII [56]. The increase in F0 ﬂuorescence has been documented
as one of the most direct signs of photoinhibition [3]. In the pgr5mu-
tant photoinhibition may possibly be due to the impairment of the
down-regulation of photosystem II photochemistry in response to in-
tense light [44]. The decline of Fv/F0 though almost similar in all four
biotypes indicated the order of sensitivity was WT, dgd1-2, dgd1-3,
and pgr5. The greater sensitivity of dgd1-3 compare to dgd1-2 is likely
related to the weaker PSIIETR observed in dgd1-3 at nearly saturating
irradiation reﬂecting a lower capacity of electron transport in this mu-
tant [49]. This same order of sensitivity was observed in the Vt curves
presented in Fig. 2. They revealed an increasing O− J-step with strong
illumination that is known to reﬂect a reduced rate of QA− reoxidation
[52,57]. The delay in the reoxidation process of QA− was clearly more
pronounced for pgr5 and dgd1-3.
Increased half-times of QA− reoxidation were previously observed
in PSII submembrane fractions with a disorganized OEC such as in
NaCl-treated PSII that are depleted of the two extrinsic polypeptides
of 17 and 23 kDa and Ca2+ [58]. Ca2+ release from the OEC is also
known to modify the midpoint redox potential of QA and affect QA−
to QB electron transfer [59,60]. This can be explained by a transmem-
brane conformational change that modiﬁes the acceptor side of PSII.
The structural information about the stromal side of cyanobacterial
PSII indicates that the QB pocket is formed by several transmembra-
nous polypeptides including the polypeptide D1, cytochrome b559,
PsbL, and PsbJ [61]. The cytochrome is mostly in a high potential
form in PSII complexes with an intact OEC but transformed into a
low potential form when the OEC is damaged [62]. PsbL and PsbJ
were shown to regulate electron ﬂow to the plastoquinone pool with
PsbJ speciﬁcally regulating the oxidation of QA− [63]. These polypep-
tides are also involved in the assembly of the OEC [64] and, together
with D1 and cytochrome b559, they can therefore create a direct link
between the functions of PSII on the luminal and stromal sides of the
photosystem. The declined rates of QA− reoxidation in photoinhibited
PSII are consistent with the recent model of photoinhibition where
the ﬁrst step involves the disorganization of the Mn complex follow-
ing light absorption by Mn atoms [32,38].
Formation of qETR was previously shown to depend on epoxidized
xanthophylls [65], this was in clear contrast to another study that
suggested the Zx-independent nature of qETR [66]. Our results offer
clear evidence that Zx is implicated in the modulation of the qETR com-
ponent of NPQ upon the transition from dark to low light of Arabidopsis
leaves (Fig. 5A). The increased and accelerated qETR in preilluminated
wild type (Fig. 6A) support the idea that Zx formation modulates the
qETR in Arabidopsis. In all Arabidopsis genotypes, our experiments have
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(Fig. 5B), which was used to eliminate Zx synthesis. Results summa-
rized in Fig. 5 (compare curves of Panels A and B of Fig. 5) show that
NPQ generation requires a lumen acidiﬁcation process, while the extent
of qETR oscillates according to the rate of Zx synthesis. The above is in
line with a recent study [45] that demonstrated the generation of qETR
fundamentally requires a transthylakoid pHgradient, whereas themag-
nitude of qETR is regulated by the Zx content. In dark adapted pgr5, the
qETR remains very weak (Fig. 5) due to limited ability of lumen acidiﬁ-
cation [20], which leads to a reduced pH gradient across themembrane
and impairs the formation of Zx [45]. Even after pre-illumination at
1000 μmol m−2 s−1 for 15-min (to allow Zx formation), we still ob-
served a lower rate of lumen acidiﬁcation in pgr5 as reﬂected by the
weak qETR formation in comparison with the other Arabidopsis geno-
types (Fig. 6B).
The formation of NPQ can improve the dissipation of excessive
absorbed light energy as heat and therefore protect against photoinhi-
bition. As seen in Fig. 5A, the greater sensitivity of dgd1-3 to strong il-
lumination compare to dgd1-2 coincides with a weaker capacity for
maximal NPQ formation. NPQ formation by dgd1-3 is still much higher
than in pgr5 which also conﬁrms the greater sensitivity of the latter
mutant to strong light. It is noteworthy that all mutants have formed
their maximal NPQ after a shorter illumination time compare to WT.
This property was retained even if Zx synthesis was inhibited by DTT
showing that it is the pH gradient formation that is crucial. The faster
onset of NPQ indicates a more stressful condition for the mutants and
therefore the onset of NPQ is accelerated. In the WT, pre-illumination
with strong light also produced a faster onset of NPQ indicating an ad-
justment to stress (Fig. 6A). However, in themutants, the onset of NPQ
could not be accelerated further by strong pre-illumination (Fig. 6B).
Also, the maximal value of NPQ was attained in all phenotypes
under photoinhibitory conditions, with the exception of pgr5 which
has only a minor NPQ formation.
The almost similar susceptibility of the dgd1-2 mutants to photo-
inhibition compare to WT indicates the content in DGDG may not
be as important to light stress as it is for heat stress adaptation
[67,68]. This is understandable as membrane lipid composition in
DGDG may not inﬂuence the primary events of photoinhibition oc-
curring at the PSII reaction center as discussed earlier. However, the
highest sensitivity of dgd1-3 compare to dgd1-2 seems contradictory
as the two mutants share a similar proportion of DGDG in their thyla-
koid membranes [42]. A difference is also present in term of thermal
sensitivity [43,49]. This may arise from the other consequent changes
in thylakoid membrane lipids that were observed in the two mutants.
As example, the amount of phosphatidylglycerol (PG) is reported
about 20% higher in dgd1-3 compare to dgd1-2 and WT [42]. The con-
tent in PG and its fatty acid saturation level was correlated with chill-
ing sensitivity [69]. Similar conclusions were reached for tolerance to
high temperature [70]. Another difference is the observed amount of
MGDG with 18:3/18:3 fatty acid composition that is increased by
about 20% at the expense of MGDGwith 18:3/16:3 in dgd1-3 compare
to dgd1-2 [42] leading to a less ﬂuid system as longer fatty acid chains
conveys similar effects as a greater saturation level. These other dif-
ferences in lipid composition may account for the different sensitivity
to light-induced damage as they may affect the integrity of PSII.
In natural environments, photosynthetic organisms are often ex-
posed to unfavourable environmental conditions, such as moderate
and high light. Murata and coworkers [71] have shown that the photo-
damage, at the molecular mechanism level of photoinhibition, occurs
via a two-step process. The ﬁrst step is the light-dependent damage
of the Mn cluster of the oxygen-evolving complex [71,72] and the sec-
ond step is the inactivation of the photochemical reaction center of
PSII by light that has been absorbed by chlorophyll [71,37]. ROS in-
crease the extent of photoinhibition by inhibiting the repair of PSII.
From the present study it can be concluded that lipids other that
DGDG may inﬂuence this process as shown by the greater sensitivityof dgd1-3 compare to dgd1-2 to photoinhibition whereas dgd1-2 has
only a small difference of sensitivity with WT.
Acknowledgements
The authors wish to thank Professor Junping Chen, Michigan State
University, East Lansing, USA, for gifting the seeds of dgd1-2 and dgd1-
3 mutants of Arabidopsis and Professor Toshiharu Shikanai, Kyoto Uni-
versity, Sakyouku, Japan, for providing the seeds of pgr5 mutant. This
work was supported by the Natural Sciences and Engineering Research
Council of Canada to R.C and by the Ministry of Higher Education and
Scientiﬁc Research of Tunisia as a fellowship to E.J.
References
[1] J.A. Berry, O. Björkman, Photosynthetic response and adaptation to temperature
in higher plants, Annu. Rev. Plant Physiol. 31 (1980) 491–543.
[2] S.I. Allakhverdiev, V.D. Kreslavski, V.V. Klimov, D.A. Los, R. Carpentier, P. Mohanty,
Heat stress: an overview of molecular responses in photosynthesis, Photosynth.
Res. 98 (2008) 541–550.
[3] E.M. Aro, I. Virgin, B. Andersson, Photoinhibition of photosystem II. Inactivation,
protein damage and turnover, Biochim. Biophys. Acta 1143 (1993) 113–134.
[4] M. Havaux, A. Davaud, Photoinhibition of photosynthesis in chilled potato leaves
is not correlated with a loss of photosystem-II activity, Photosynth. Res. 40 (1994)
75–92.
[5] I. Terashima, S. Funayama, K. Sonoike, The site of photoinhibition in leaves of
Cucumis sativus L. at low temperatures is photosystem I, not photosystem II,
Planta 193 (1994) 300–306.
[6] D.R. Ort, When there is too much light, Plant Physiol. 125 (2001) 29–32.
[7] K. Asada, Production and action of active oxygen species in photosynthetic tis-
sues, in: C.H. Foyer (Ed.), Causes of Photooxidative Stress and Amelioration of De-
fence System in Plants, CRC Press, Baton Rouge, FL, USA, 1994, pp. 77–104.
[8] G.H. Krause, E. Weis, Chlorophyll ﬂuorescence and photosynthesis: the basics,
Annu. Rev. Plant Physiol. Plant Mol. Biol. 42 (1991) 313–349.
[9] P. Horton, A.V. Ruban, R.G. Walters, Regulation of light harvesting in green plants,
Annu. Rev. Plant Physiol. Plant Mol. Biol. 47 (1996) 655–684.
[10] J.F. Allen, Protein phosphorylation in regulation of photosynthesis, Biochim. Bio-
phys. Acta 1098 (1992) 275–335.
[11] K.K. Niyogi, X.P. Li, V. Rosenberg, H.S. Jung, Is PsbS the site of nonphotochemical
quenching in photosynthesis? J. Exp. Bot. 56 (2005) 375–382.
[12] B. Demmig-Adams, W.W. Adams III, Photoprotection in an ecological context: the
remarkable complexity of thermal energy dissipation, New Phytol. 172 (2006)
11–21.
[13] A. Haldrup, P.E. Jensen, C. Lunde, H.V. Scheller, Balance of power: a view of the
mechanism of photosynthetic state transitions, Trends Plant Sci. 6 (2001)
301–305.
[14] G.H. Krause, Photoinhibition of photosynthesis. An evaluation of damaging and
protective mechanisms, Physiol. Plant. 74 (1988) 566–574.
[15] P. Jahns, B. Miehe, Kinetic correlation of recovery from photoinhibition and zea-
xanthin epoxidation, Planta 198 (1996) 202–210.
[16] A.S. Verhoeven, W.W.I. Adams, B. Demmig-Adams, Close relationship between
the state of the xanthophyll cycle pigments and photosystem II efﬁciency during
recovery from winter stress, Physiol. Plant. 96 (1996) 567–576.
[17] G.H. Krause, C. Vernotte, J.M. Briantais, Photoinduced quenching of chlorophyll
ﬂuorescence in intact chloroplast and algae. Resolution into two components,
Biochim. Biophys. Acta 679 (1982) 116–124.
[18] P. Horton, A.V. Ruban, M. Wentworth, Allosteric regulation of the light-harvesting
system of photosystem II, Philos. Trans. R. Soc. Lond. B Biol. Sci. 355 (2000)
1361–1370.
[19] Y. Munekage, S. Takeda, T. Endo, P. Jahns, T. Hashimoto, T. Shikanai, Cytochrome
b6/f mutation speciﬁcally affects thermal dissipation of absorbed light energy in
Arabidopsis, Plant J. 28 (2001) 351–359.
[20] P. Jahns, M. Graf, Y. Munekage, T. Shikanai, Single point mutation in the Rieske
iron-sulfur subunit of cytochrome b6 f leads to an altered pH dependence of plas-
toquinone oxidation in Arabidopsis, FEBS Lett. 519 (2002) 99–102.
[21] K.K. Niyogi, A.R. Grossman, O. Björkman, Arabidopsis mutants deﬁne a central
role for the xanthophylls cycle in the regulation of photosynthetic energy conver-
sion, Plant Cell 10 (1998) 1121–1134.
[22] X.P. Li, O. Björkman, C. Shih, A.R. Grossman, M. Rosenquist, S. Jansson, K.K. Niyogi,
A pigment-binding protein essential for regulation of photosynthetic light har-
vesting, Nature 403 (2000) 391–395.
[23] P. Horton, M. Wentworth, A. Ruban, Control of the light harvesting function of
chloroplast membranes: the LHCII-aggregation model for non-photochemical
quenching, FEBS Lett. 579 (2005) 4201–4206.
[24] L. Kalituho, T. Grasses, M. Graf, J. Rech, P. Jahns, Characterization of a nonphoto-
chemical quenching-deﬁcient Arabidopsis mutant possessing an intact PsbS pro-
tein, xanthophyll cycle and lumen acidiﬁcation, Planta 223 (2006) 532–541.
[25] X.P. Li, A. Phippard, J. Pasari, K.K. Niyogi, Structure-function analysis of photosys-
tem II subunit S (PsbS) in vivo, Funct. Plant Biol. 29 (2002) 1131–1139.
[26] X.P. Li, A.M. Gilmore, S. Caffarri, R. Bassi, T. Golan, D. Kramer, K.K. Niyogi, Regula-
tion of photosynthetic light harvesting involves intrathylakoid lumen pH sensing
by the PsbS protein, J. Biol. Chem. 279 (2004) 22866–22874.
1373J. Essemine et al. / Biochimica et Biophysica Acta 1817 (2012) 1367–1373[27] H.R. Bolhar-Nordenkampf, G. Oquist, Chlorophyll ﬂuorescence as a tool in photosyn-
thesis research, p. 193–206, in: D.O. Hall, J.M.O. Scurlock, H.R. Bohlar-Nordenkampf,
R.C. Leegood, S.P. Long (Eds.), Photosynthesis and Production in a Changing Environ-
ment: a Field and Laboratory Manual, Chapman and Hall, London, 1993.
[28] S.P. Long, S. Humphries, P.G. Falkowski, Photoinhibition of photosynthesis in na-
ture, Annu. Rev. Plant Physiol. Mol. Biol. 45 (1994) 633–662.
[29] I. Ohad, K. Sonoike, B. Andersson, Photoinactivation of the two photosystems in
oxygenic photosynthesis: mechanisms and regulations, in: M. Yunus, U. Pathre,
P. Mohanty (Eds.), Probing Photosynthesis: Mechanisms, Regulation and Adapta-
tion, Taylor & Francis Publishers, London, UK, 2000, pp. 293–309.
[30] D.J. Blubaugh, G.M. Cheniae, Kinetics of photoinhibition in hydroxylamine-
extracted photosystem II membranes: relevance to photoinactivation and sites
of electron donation, Biochemistry 29 (1990) 5109–5118.
[31] C. Jegerschöld, I. Virgin, S. Styring, Light-dependent degradation of the D1 protein
in photosystem II is accelerated after inhibition of the water-splitting reaction,
Biochemistry 29 (1990) 6179–6186.
[32] M. Hakala, I. Tuominen, M. Keränen, T. Tyystjärvi, E. Tyystjärvi, Evidence for the
role of the oxygen-evolving manganese complex in photoinhibition of photosys-
tem II, Biochim. Biophys. Acta 1706 (2005) 68–80.
[33] S. Takahashi, N. Murata, Interruption of the Calvin cycle inhibits the repair of pho-
tosystem II from photodamage, Biochim. Biophys. Acta 1708 (2005) 352–361.
[34] S. Takahashi, H. Bauwe, M. Badger, Impairment of the photorespiratory pathway
accelerates photoinhibition of photosystem II by suppression of repair process
and not acceleration of damage process in Arabidopsis thaliana, Plant Physiol.
144 (2007) 487–494.
[35] D. Kirilovsky, A.W. Rutherford, A.L. Etienne, Inﬂuence of DCMU and ferricyanide
on photodamage in photosystem II, Biochemistry 33 (1994) 3087–3095.
[36] S.I. Allakhverdiev, Y. Nishiyama, S. Takahashi, S. Miyairi, I. Suzuki, N. Murata, Sys-
tematic analysis of the relation of electron transport and ATP synthesis to the
photodamage and repair of photosystem II in Synechocystis, Plant Physiol. 137
(2005) 263–273.
[37] N. Ohnishi, S.I. Allakhverdiev, S. Takahashi, S. Higashi, M. Watanabe, Y. Nishiyama,
N. Murata, Two-step mechanism of photodamage to photosystem II: step 1 occurs
at the oxygen-evolving complex and step 2 occurs at the photochemical reaction
centers, Biochemistry 44 (2005) 8494–8499.
[38] O. Zsiros, S.I. Allakhverdiev, S. Higashi, M. Watanabe, Y. Nishiyama, N. Murata, Very
strong UV-A light temporally separates the photoinhibition of photosystem II into
light-induced inactivation and repair, Biochim. Biophys. Acta 1757 (2006) 123–129.
[39] P. Dörmann, I. Balbo, C. Benning, Arabidopsis galactolipid biosynthesis and lipid
trafﬁcking mediated by DGD1, Science 284 (1999) 2182–2184.
[40] P. Dörmann, S. Hoffman-Benning, I. Balbo, C. Benning, Isolation and characteriza-
tion of an Arabidopsis mutant deﬁcient in the thylakoid lipid digalactosyl diacyl-
glycerol, Plant Cell 7 (1995) 1801–1810.
[41] J.K. Guo, Z.Z. Zhang, Y.R. Bi, W. Yang, Y.N. Xu, L.X. Zhang, Decreased stability of
photosystem I in dgd1 mutant of Arabidopsis thaliana, FEBS Lett. 579 (2005)
3619–3624.
[42] J. Chen, J.J. Burke, Z. Xin, C. Xu, J. Velten, Characterization of the Arabidopsis ther-
mosensitive mutant atts02 reveals an important role for galactolipids in thermo-
tolerance, Plant Cell Environ. 29 (2006) 1437–1448.
[43] J. Essemine, S. Govindachary, S. Ammar, S. Bouzid, R. Carpentier, Functional as-
pects of the photosynthetic light reactions in heat stressed Arabidopsis deﬁcient
in digalactosyl-diacylglycerol, J. Plant Physiol. 168 (2011) 1526–1533.
[44] Y. Munekage, M. Hojo, J. Meurer, T. Endo, M. Tasaka, T. Shikanai, PGR5 is involved
in cyclic electron ﬂow around photosystem I and is essential for photoprotection
in Arabidopsis, Cell 110 (2002) 361–371.
[45] L. Kalituho, J. Rech, P. Jahns, The transiently generated nonphotochemical
quenching of excitation energy in Arabidopsis leaves is modulated by zeaxanthin,
Plant Physiol. 143 (2007) 1861–1870.
[46] P. Haldimann, R.J. Strasser, Effects of anaerobiosis as probed by the polyphasic
chlorophyll a ﬂuorescence rise kinetics in pea (Pisum sativum L.), Photosynth.
Res. 62 (1999) 67–83.
[47] B. Genty, J.M. Briantais, N.R. Baker, The relationship between quantum yield of
photosynthetic electron transport and quenching of chlorophyll ﬂuorescence,
Biochim. Biophys. Acta 990 (1989) 87–92.
[48] K. Maxwell, G.N. Johnson, Chlorophyll ﬂuorescence— a practical guide, J. Exp. Bot.
51 (2000) 659–668.
[49] J. Essemine, S. Govindachary, S. Ammar, S. Bouzid, R. Carpentier, Abolition of pho-
tosystem I cyclic electron ﬂow in Arabidopsis thaliana following thermal-stress,
Plant Physiol. Biochem. 49 (2011) 235–243.
[50] J. Strasser, A. Srivastava, M. Tsimilli-Michael, The ﬂuorescence transient as a tool
to characterize and screen photosynthetic samples, in: M. Yunus, U. Pathre, P.Mohanty (Eds.), Probing Photosynthesis: Mechanisms, Regulation and Adapta-
tion, Taylor & Francis Publishers, London, UK, 2000, pp. 445–483.
[51] D. Joly, C. Bigras, J. Harnois, S. Govindachary, R. Carpentier, Kinetic analyses of the
OJIP chlorophyll ﬂuorescence rise in thylakoid membranes, Photosynth. Res. 84
(2005) 107–112.
[52] R. Beauchemin, A. Gautier, J. Harnois, S. Boisvert, S. Govindachary, R. Carpentier,
Spermine and spermidine inhibition of photosystem II: disassembly of the oxy-
gen evolving complex and consequent perturbation in electron donation from
TyrZ to P680+ and the quinone acceptors Q−A to QB, Biochim. Biophys. Acta
1767 (2007) 905–912.
[53] S. Govindachary, N.G. Bukhov, D. Joly, R. Carpentier, Photosystem II inhibition by
moderate light under low temperature in intact leaves of chilling-sensitive and
-tolerant plants, Physiol. Plant. 121 (2004) 322–333.
[54] P. Horton, A.V. Ruban, R.G. Walters, Regulation of light harvesting in green plants
(indication by nonphotochemical quenching of chlorophyll ﬂuorescence), Plant
Physiol. 106 (1994) 415–420.
[55] D. Joly, J. Essemine, R. Carpentier, Redox state of the photosynthetic electron
transport chain in wild-type and mutant leaves of Arabidopsis thaliana: impact
on photosystem II ﬂuorescence, J. Photochem. Photobiol. B Biol. 98 (2010)
180–187.
[56] J.M. Anderson, Y.I. Park, W.S. Chow, Unifying model for the photoinactivation of
photosystem II in vivo under steady-state photosynthesis, Photosynth. Res. 56
(1998) 1–13.
[57] N. Msilini, M. Zaghdoudi, S. Govindachary, M. Lachaâl, Z. Ouerghi, R. Carpentier,
Inhibition of photosynthetic oxygenevolution and electron transfer from the qui-
none acceptor Q−A to QB by iron deﬁciency, Photosynth. Res. 107 (2011)
247–256.
[58] I.I. Putrenko, S. Vasiliev, D. Bruce, Modulation of ﬂash-induced photosystem II
ﬂuorescence by events occurring at the water oxidizing complex, Biochemistry
38 (1999) 10632–10641.
[59] A. Krieger, E. Weis, S. Demeter, Low pH-induced Ca2+ ion release in the water-
splitting system is accompanied by a shift in the midpoint redox potential of
the primary quinone acceptor QA, Biochim. Biophys. Acta 1144 (1993) 411–418.
[60] P. Pospišil, E. Tyystjärvi, Molecular mechanism of high-temperatureinduced inhi-
bition of acceptor side of Photosystem II, Photosynth. Res. 62 (1999) 55–66.
[61] B. Loll, J. Kern, W. Saenger, A. Zouni, J. Biesiadka, Towards complete cofactor ar-
rangement in the 3.0 Angstrom resolution structure of photosystem II, Nature
438 (2005) 1040–1044.
[62] M. Roncel, J.M. Ortega, M. Losada, Factors determining the special redox proper-
ties of photosynthetic cytochrome b559, Eur. J. Biochem. 268 (2001) 4961–4968.
[63] I. Ohad, C. Dal Bosco, R.G. Herrmann, J. Meurer, Photosystem II proteins PsbL and
PsbJ regulate electron ﬂow to the plastoquinone pool, Biochemistry 43 (2004)
2297–2308.
[64] M. Suorsa, R.E. Regel, V. Paakkarinen, N. Battchikova, R.G. Herrmann, E.M. Aro,
Protein assembly of photosystem II and accumulation of subcomplexes in the ab-
sence of low molecular mass subunits PsbL and PsbJ, Eur. J. Biochem. 271 (2004)
96–107.
[65] D. D'Haese, K. Vandermeiren, J. Caubergs, Y. Guisez, L. DeTemmerman, N.
Horemans, Non-photochemical quenching kinetics during the dark to light tran-
sition in relation to the formation of antheraxanthin and zeaxanthin, J. Theor.
Biol. 227 (2004) 175–186.
[66] G. Finazzi, G.N. Johnson, L. Dallosto, P. Joliot, F.A. Wollman, R. Bassi, A zeaxanthin-
independent nonphotochemical quenching mechanism localized in the photo-
system II core complex, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 12375–12380.
[67] K.H. Suss, I. Yordanov, Biosynthetic cause of vivo acquired thermotolerance of
photosynthetic light reactions and metabolic responses of chloroplasts to heat
stress, Plant Physiol. 81 (1986) 192–199.
[68] D. Di Baccio, M.F. Quartacci, F.D. Vecchia, N. La Rocca, N. Rascio, F. Navari-Izzo,
Bleaching herbicide effects on plastids of dark-grown plants: lipid composition
of etioplasts in amitrole and norﬂurazon-treated barely leaves, J. Exp. Bot. 53
(2002) 1857–1865.
[69] N. Murata, Molecular species composition of phosphatidylglycerols from chilling-
sensitive and chilling-resistant plants, Plant Cell Physiol. 24 (1983) 81–86.
[70] Y. Murakami, M. Tsuyama, Y. Kobayashi, H. Kodama, K. Iba, Trienoic fatty acids
and plant tolerance to high temperature, Science 287 (2000) 476–479.
[71] N. Murata, S. Takahashi, Y. Nishiyama, S.I. Allakhverdiev, Photoinhibition of pho-
tosystem II under environmental stress, Biochim. Biophys. Acta 1767 (2007)
414–421.
[72] S. Boisvert, D. Joly, S. Leclerc, S. Govindachary, J. Harnois, R. Carpentier, Inhibition
of the oxygen-evolving complex of photosystem II and depletion of extrinsic
polypeptides by nickel, Biometals 20 (2007) 879–889.
